Benzene is an aromatic hydrocarbon that, with sufficient cumulative lifetime doses, can cause acute myelogenous leukemia. Because of its volatility and solvent properties, it was used in the printing industry in inks, ink solvents, and cleaning agents from the 1930s to the 1970s. this analysis represents the first known attempt to gather and synthesize the available data on historical airborne benzene concentrations in printing facilities and exposures to pressmen. the sources of fugitive benzene vapors from printing operations have been identified as evaporation from ink fountains, exposed sections of the printing cylinder, the paper web, the paper post exit, and spilled ink. in addition, specific activities that could lead to benzene exposure, such as filling the fountains, using solvents to clean the press, and using solvents as personal cleaning agents, potentially occurred multiple times per work period. Eighteen studies were 
The commercial printing industry involves high volume printing in multiple media formats and has employed millions of people in the USA over the past 50 years (Zoloth et al., 1986; EPA, 1995) . Benzene was an intended component of inks, solvents, and cleaning agents from the 1930s through the 1970s, with reports of benzene concentrations as high as 100%, thus resulting in worker exposure to potentially harmful concentrations of benzene vapor. Benzene exposure, at sufficient dose and duration, has been linked to abnormalities of the hematopoietic system, including acute myelogenous leukemia and myelodysplastic syndrome (Galbraith et al., 2010) .
Generally, printing involves an image carrier (a plate or roller) that accepts ink and transfers the image directly to the substrate (e.g. paper, wood, glass) or to an intermediate (like a rubber blanket) that transfers the image to the substrate. The printing industry can be categorized by the type of printing press used, such as the letterpress, lithography (offset), (roto)gravure, flexography, and silk screen (IPC, 1974) . These mechanisms, types of inks, solvents, and cleaning practices are described in Table 1 . Because of the variety in printing strategies, materials used, and solvent content, the airborne concentrations of benzene over time could vary greatly.
Many factors intrinsic to the printing industry, such as the need for fast drying low viscosity inks, led to the frequent use of benzene, which has low viscosity and evaporates quickly. The source of fugitive benzene vapors from printing operations has been identified as evaporation from ink fountains, exposed sections of the printing cylinder, the paper web, the paper post exit, spilled ink, and funnels (Greenburg et al., 1939; EPA, 1980; Wadden et al., 2001) . A diagram of a lithographic printing press and the areas of potential benzene release are shown in Fig. 1 . In addition to being exposed to the benzene vapors released from the press itself, a worker's benzene exposure is also dependent on his specific work activities.
Such activities included filling the fountains, using solvents to clean the cylinders or fountains, and using solvents as a personal cleaning agent (Greenburg et al., 1939; EPA, 1980; Wadden et al., 2001) . Cleaning the press between colors or media required strong solvents, for example, and typically occurred several times per shift (Wadden et al., 1995b) .
Personal exposures to solvents are dependent on the frequency of plate changes and/or press cleanings, a job that included cleaning and wiping the plates (Hansen and Whitehead, 1988) . The number of plate changes or cleanings can vary greatly Based on Crouch and Gressel (1999) , Daniels (1982a, b) , EPA (1990 EPA ( , 1995 , Greenburg et al. (1939) , IARC (1997), Kaiser and McManus (1990) , and Wadden et al. (1995b Wadden et al. ( , 2001 inter-and intrafacility, and, therefore, potential benzene exposure can vary as well. For example, Keil et al. (1997) found that the time required for 'make-ready' (the process between printing jobs involving cleaning and removing one set of printing plates and preparing the next) as well as the total number of solvent cleanings were associated with volatile organic carbon emissions (Keil et al., 1997) . Similarly, Wadden et al. (2001) reported a positive correlation between the number of press cleanings per hour and volatile organic carbon emissions. Wadden et al. (1995a) reported between 3 and 15 press cleanings per day per press in a facility with five printing lines corresponding to between 2 and 16 cleanings per hour. Hansen and Whitehead (1988) reported 0-23 plate changes per day per subject when observing seven journeymen press operators. Evans (1977) estimated that there were 20-25 plates developed per day at an offset printing facility. The duration of a plate change was estimated by workers and by walk through survey as 6-7 min (Hansen and Whitehead, 1988) .
A complete review and synthesis of the literature on historical airborne benzene concentrations in commercial pressrooms has not been previously reported. The purpose of this study is to summarize the available historical information and demonstrate the reduction of benzene levels in the industry over time.
MEtHoDs
We collected published and unpublished literature on occupational exposure to benzene at printing press facilities, identifying reports through PubMed, ToxNet, the NIOSH Health Hazard Evaluation database, and reviews on occupational benzene exposure. We used the following search terms: benzene, printing, and pressmen. All reports that provided benzene exposure concentrations in relation to printing press activities were included; if a paper did not provide benzene concentrations, it was not included in the analysis. In this study, all benzene concentrations were expressed as parts per million. If conversion to p.p.m. was required, a conversion factor of 3.2 mg m −3 = 1 p.p.m. was used. Most of the literature reported the year that the samples were collected; if the collection year was not stated, the publication date was used as an estimate of the year in this analysis.
Most of the industrial hygiene data reported airborne benzene concentrations in a way that allowed for calculating a mean and range (if not already provided). Other studies reported the data in a way that did not allow for the calculation of a mean. Alternatively, some studies only reported the mean and did not give a range. The studies were organized by the date of sample collection and compared across decades. We reported a range of the average concentrations of airborne benzene for each era or decade. Additionally, the mean benzene concentration in each study (when available) was compared to the contemporaneous American Conference of Governmental Industrial Hygienists (ACGIH) threshold limit value (TLV) time weighted average (TWA).
REsults
Reported airborne benzene concentrations in the printing industry A total of 18 studies were identified in the literature that measured the airborne benzene concentrations in printing facilities; one location was analyzed in two different studies. For each study, Table 2 shows the sampling year, printing press type, sample type (area or personal), number of samples, sampling time, and airborne benzene concentrations. Viewed collectively, a wide range of benzene concentrations are reported, from below the limit of detection (LOD) to 1060 p.p.m. The LOD was not reported in 13 of the 18 studies.
Of the five studies reporting a LOD, one gave an estimate, three reported a limit in the laboratory sample but not in the air, and one provided a LOD in air. The highest reported airborne benzene values occurred prior to the 1970s; after the 1970s, all of the reported values for airborne benzene fell at or below 2.4 p.p.m. The mean concentration, considering both personal and area samples (durations are noted in Table 2 and 2000s. This decrease in airborne benzene concentrations was expected based on the changes in industrial hygiene practices, decrease in benzene content in solvents, changes in regulatory standards, and because of the greater understanding of benzene toxicology during this time period. An analysis of benzene concentrations in relation to the facility size, employee number, ventilation type, press type, or physical space was not possible with the reported information. In addition, several of the samples in Table 2 are of unknown duration and may not represent the exposure of a pressman for his entire shift (e.g. the 8-h TWA). (Table 2) . Greenburg et al. (1939) measured airborne benzene concentrations at three rotogravure printing facilities in New York City after a fatal benzene poisoning occurred at similar establishment in Philadelphia; no incidents were reported at these three New York plants prior to the investigation. The samples were taken at representative points in the pressroom; no sampling times were provided (Greenburg et al., 1939 (Greenburg et al., 1939) . The authors noted that benzene 'concentrations may vary considerably from time to time at given points in the workroom and that workers tend to go about from one part of the room to another, so that their individual exposure may vary widely in the course of the day' (Greenburg et al., 1939, p. 398) . Vigliani and Saita (1964) described working conditions in an Italian rotogravure facility in the early 1940s. A mean benzene concentration, the number of samples, and the sampling durations were not provided; the range of benzene concentrations was reported as 188-657 p.p.m. Another Italian study of chromosomal changes in rotogravure workers related to a benzene poisoning epidemic described the working conditions in 1953 (Forni, 1971; IARC, 1996) . The average concentration of four samples, collected in different areas of the pressroom, was 288 p.p.m. (125-532 p.p.m.). Benzene was detected in all samples; sampling times were not reported.
1960s-1970s
The reported mean benzene concentrations in the 1960s and 1970s, for the studies identified, ranged from nondetectable to 35 p.p.m. (Table 2) . Svensson et al. (1990) analyzed the health effects of toluene at rotogravure facilities in Sweden in the early 1960s. One facility reported the mean benzene exposures as 3 p.p.m., with a range from 0.3 to 25 p.p.m. in 1960 and 0 to 61 p.p.m. in 1962 (Svensson et al., 1990) . No further sampling information was provided (Svensson et al., 1990) . Five area samples from a gravure printing operation in Finland taken in 1962 exhibited a mean benzene concentration of 5 p.p.m. (2-7 p.p.m.) (IARC, 1996) . However, the primary source of these data was not accessible, and thus no further information was available. Between 1968 and 1978 , Moszczynski and Lisiewicz (1985 examined the workplace concentrations for those exposed while printing and varnishing food packaging in Poland. The mean and range of benzene concentrations were reported for each year (Table 2 ). In 1968, the mean benzene concentration was 30.7 p.p.m. (0-65.7 p.p.m.), which was more than 8-fold higher than the 1978 mean benzene concentrations of 3.8 p.p.m. (1.6-5.3 p.p.m.) (Moszczynski and Lisiewicz, 1985) . Data for the other years are listed in Table 2 . The sampling time and LOD were not reported.
The National Institute for Occupational Safety and Health (NIOSH) performed a health hazard evaluation (HHE) of an offset printing facility in 1976 after the owner expressed concern relating to polychlorinated biphenyls in ink (Evans, 1977) . Benzene concentrations in personal samples of the printers and an area sample over the developing table (sampling time 240-340 min) were nondetectable; the LOD was not reported (Evans, 1977) .
1980s
Mean airborne benzene samples collected in the 1980s ranged from below the LOD to 2.4 p.p.m. (Table 2 ). Although the concentrations were lower than earlier decades, some of the values were higher than what is normally expected after the 1970s, when benzene was labeled a known human carcinogen.
A NIOSH HHE investigated a printing facility in Tahoe City, CA, in October 1980, where rubber ink labels were transferred to garments; employees had experienced negative health effects at the previous location. The reported worker health complaints included cough, chest tightness, sore throat, eye and nose irritation, and headaches. The benzene concentrations measured at the new location was 0.04 and 0.12 p.p.m. for the transfer operator and 0.14 and 0.22 p.p.m. on the sides of the transfer machine (sampling time 360 min) (Pryor, 1982b) . The same facility was described in another HHE in October 1982, and the silkscreen operators' mean personal benzene concentration was reported as 0.025 p.p.m.; the mean area benzene concentration on each side of the dryer was 0.013 p.p.m. (sampling time 360 min) (Pryor, 1982a) .
In December 1980 and January 1981, a NIOSH HHE examined airborne benzene concentrations in an offset printing shop in Cambridge, MA after employees experienced adverse symptoms, particularly on Fridays, when the presses were cleaned. The symptoms included headaches, dizziness, nausea, sleepiness, skin irritation, and eye, nose, and throat irritation. One out of the 40 partial work shift air samples collected had detectable benzene concentration of 0.02 p.p.m.; the LOD was not reported (Baker, 1981) . It can be reasonably assumed that benzene exposure at these concentrations did not cause these symptoms.
Another NIOSH HHE of a printing facility in Atlanta, GA, in May 1981 was initiated because of employee health concerns, including dermatitis, loss of energy and appetite, anemia, and leukemia . Benzene concentrations were analyzed in 23 samples, and six samples were below the LOD (probably onetenth the action level of 1 p.p.m.) or were written as a zero in the results. In the 17 samples in which benzene was detected, 5 samples were over 1 p.p.m., and the highest sample was 2.4 p.p.m. The sampling time for personal and area samples ranged from 76 to 138 min. Williams et al. (1982) reported personal task-based samples; a pressman adjusting ink flow over 87 min, for example, resulted in personal exposures of 1.2 p.p.m., and pressmen working on the silk screen press over 88 min resulted in personal exposures of 2.2 p.p.m.
A NIOSH HHE in July 1981 in a silk screen printing shop in Chicago, IL, was initiated because of concerns regarding the toxicity of paints and solvents (Daniels, 1982b) . Airborne benzene was detected in 60-min personal samples, but was less than the limit of quantification (4 µg per sample) in two samples (Daniels, 1982b) .
In 1982, a NIOSH HHE of an offset press and copier facility in the US Army Research Office in Research Triangle Park, NC, was requested because of potential health hazard concerns; however, no adverse health effects were reported . The maximum airborne benzene concentration measured was 0.24 p.p.m., and no further data were provided. At this facility, there were no solutions in which benzene was identified as a constituent on the label; the authors hypothesized that the benzene originated from the petroleum naptha in the cleaning solvent . Similarly, a request to NIOSH from an offset printing establishment in Warren, RI, in 1988 was made regarding exposure to hydroquinone and printing press cleaning solvents (Kaiser and McManus, 1990) . The benzene air concentrations, reported as TWA, were 0.98 and 1.1 p.p.m. for the printing press operators (sampling times 180-250 min) (Kaiser and McManus, 1990 ).
1990s-2000s
The air concentrations reported in the 1990s and 2000s were extremely low, ranging from 0.0001 to 0.009 p.p.m., with many samples falling below the LOD (Table 2) . Wadden et al. (2001) characterized the emissions at a rotogravure pressroom with a single press in May 1994; this pressroom was part of a larger facility (Wadden et al., 2001) . Benzene was reported to be consistently present in 1-h samples, and concentrations were 'well below' the OSHA permissible exposure level (PEL) of 1 p.p.m. and the TLV of 0.5 p.p.m.; however, the exact measurements were not reported (Wadden et al., 2001, p. 474) . Wadden et al. (1995b) measured the benzene concentration in 12 separate 1-h periods at six sampling locations at the entry and exit points in an offset printing facility in 1995. The air flowing out of the facility had a greater benzene concentration than the air flowing into the facility. The benzene concentration reported for the airflow into the facility ranged from below the detectable level (which was not defined for benzene) to 0.32 p.p.m.; for the airflow exiting the facility, the concentration ranged from 0.17 to 0.88 p.p.m. A mean was not reported for entering and exiting air because such a figure would not likely be representative of the exposure concentrations within the pressroom. Ryan et al. (2002) examined benzene concentrations in a university art building in which silk screening occurred. The mean personal concentrations were 0.00013, and the median was reported as less than the LOD (sampling time approximately 180 min; the LOD was not defined in the study, but for most compounds in this study, the range was 0.5-1.5 p.p.b.). The mean benzene concentration of the area samples was 0.009 p.p.m. (Ryan et al., 2002) .
A NIOSH HHE of an offset commercial printing facility in Southfield, MI, in November 2006 resulted from employee reports from the adjacent facility of chemical odors, watery eyes, runny nose, sneezing, and headaches. At the printing facility, benzene concentrations were below the LOD of 0.0063 p.p.m., with sampling times of 422-433 min (Rodriguez and Gibbins, 2007) .
Reported mean benzene concentrations and contemporaneous occupational limits
The mean benzene concentration in each study (when available) and the contemporaneous ACGIH TLV TWA are shown in Fig. 2 . The sampling times were not reported or were greater than 1 h. Further, all samples were compared to occupational standards; however, it is important to note the occupational standards are intended for personal samples. In the 1930s, there were no occupational guidelines regarding airborne benzene concentrations in the workplace; the first ACGIH maximum allowable concentration ( (OSHA, 1971 (OSHA, , 1977 (OSHA, , 1987 .
Because sample duration was not reported in many studies, the mean airborne benzene concentrations were difficult to compare to the occupational limits. The mean concentration (288 p.p.m.) of samples collected in 1953 and reported in Forni (1971) was greater than the contemporaneous ACGIH TLV TWA (35 p.p.m.); however, the samples were of unknown duration, making it unclear if the 8-h TWA was exceeded ( Fig. 2 ; Forni, 1971) . Two samples collected in Poland in 1968 and 1969 (31 and 35 p.p.m., respectively) were greater than the ACGIH STEL (ceiling; 25 p.p.m.) (Moszczynski and Lisiewicz, 1985) . From the 1970 to 2006, none of the reported Fig. 2 . Mean airborne benzene concentrations [personal, area, and unknown] in comparison to the ACGIH TLV-TWA. Mean airborne concentrations are shown for each study in which a mean was reported or data were provided that allowed for the mean to be calculated. The sampling times were not reported or were greater than 1 h. It is important to note that the occupational guidelines are intended for personal samples. (Kaiser and McManus, 1990) . In this study, two of the four samples exceeded the 1 p.p.m. limit, with concentrations of 1.37 and 1.81 p.p.m. over 240 and 250 min, respectively.
Benzene content of printing solvents
The benzene content of printing materials was noted in several studies (Table 3 ). In the 1930s, 1940s, and 1950s, solvents, inks, and cleaning agents contained a high percentage of benzene (Table 3 ). The benzene content decreased sharply in the 1970s, but today trace benzene concentrations are still present in many petroleum-based solvents. Greenburg et al. (1939) discussed the benzene content in several printing materials used during this time period and indicated that the ink solvents and thinners were comprised of up to 75 or 80% benzene in the 1930s. Svensson et al. (1990) reported that pressmen recalled using 100% benzene prior to and during the 1940s although no written records verifying that figure were provided. Similarly, Forni (1971) indicated that in 1953, one of the ink diluents used was pure benzene and another was 55% benzene. Toluene, which is also used in printing, may have contained up to 10% benzene prior to the 1950s and was reduced to 0.5% after the 1950s (Nise et al., 1991) . By the late 1970s, printing materials saw a striking decrease in benzene content. A letter to OSHA on behalf of National Association of Printing Ink Manufacturers, Inc. stated that 100 gravure inks were randomly selected and tested, and that the benzene content ranged from 0.008 to 0.068% (NAPIM, 1978) . This letter also stated that a 'review of supplier product literature has indicated that virtually all of the hydrocarbon solvents used in printing inks have a benzene content of below 1% and many show benzene contents below 0.1%' (NAPIM, 1978, p. 6) . Some of the ink solvents used during this time included heptane and xylene, and their benzene content was 0.1-0.75% and 0-0.15%, respectively. Recently, Ryan et al. (2002) noted that the kerosene used in an art studio for cleanup contained 0.09% benzene.
DiscussioN
This work represents the first known attempt to review and synthesize the literature on historical airborne benzene concentrations in pressrooms. Specifically, we identified 18 studies that reported air concentrations of benzene in the printing industry from the late 1930s to 2006 ( Table 2) . The data provide ample evidence that airborne benzene concentrations decreased over time as the dangers of benzene were elucidated and benzene regulation or guidelines became more stringent. This decrease in the benzene content of printing solvents over time is reflected in Table 3 . This finding is consistent with the observation by Williams et al. (2008) , who concluded that the vast majority of products manufactured in the USA after 1978 contained <0.1% benzene. The authors noted that working with these products would not be expected to result in airborne benzene concentration greater than 0.5 p.p.m. (Williams et al., 2008) .
The benzene concentrations presented in Table 2 are similar to other high exposure industries, including concentrations measured in the leather/ shoe industry in 1936 (100 to >500 p.p.m.), rubber industry in different periods (certain job titles ranged from about 50 to 90 p.p.m. during 1939-1946, and 10 to 40 p.p.m. during 1947-1976 at the 50th percentile), and in the rubber coating industry prior to 1961 (0 and 125 p.p.m.) (Bowditch and Elkins, 1939; Pagnotto et al., 1961; Crump and Allen, 1984; Rinsky et al., 1987; Paxton et al., 1994; Williams and Paustenbach, 2003) .
Dermal benzene exposure was not well documented in the historical literature, and thus this lack of data precluded an analysis of this exposure route for pressmen. Greenburg et al. (1939) stated that 'it was the practice in these plants for the workers to use benzene as a solvent for ink on their hands and arms, and some of them used it in considerable quantity for this purpose' (p. 398). Bartlett et al. (1999) described such traditional cleaning techniques as 'spraying solvents onto the press from a dispensing bottle and then wiping the parts clean with a cloth, or a solvent soaked cloth is used directly ' (p. 84) . A quantitative estimate of dermal uptake for various decades could be performed, but it was outside the scope of this analysis. A recent paper by Williams et al. (2011) addresses this hazard.
Like all historical analyses, the conclusions are limited by the available data. The sample duration or exact task descriptions were not always provided. Thus, the measurements taken may include periods of higher or lower exposure, and the personal exposures during certain tasks are likely to be higher than area samples. Many of the studies, especially in the 1980s, were NIOSH HHEs. These studies are often the result of complaints regarding a concern about adverse health effects; the study by Baker (1981) , for example, was initiated after employees experienced headaches, dizziness, nausea, sleepiness, skin irritation, and eye, nose, and throat irritation, which could be related to many solvents and is unlikely to be caused by the trace benzene present in solvents at that time. Even though the health effects are likely not be related to benzene exposure at these sites, the locations were not randomly selected, and may not be representative of contemporaneous benzene concentrations. An argument could be made that the results from HHEs are more likely to be representative of 'worst-case' scenarios or the upper bound of typical exposures. Additionally, the results are limited by publication bias; that is, if benzene was not suspected at a site, it may not have been measured, and if it was measured and not detected, it may not have been reported. Despite the limitations, however, the data in Table 2 provide a clear picture of the decrease in benzene exposures over time. Analysis of other factors that may have affected exposure, such as the number of employees, facility size, ventilation, and printing press type were precluded by the small number of studies over several decades. Five of the six studies on rotogravure operations, for example, occur before the 1970s, making it impossible to fairly compare them to the studies of silk screen operations, which all occurred after the 1980s.
